From Fisons Pharmaceuticals Limited, Holmes Chapel, Cheshire SYNOPSIS A method is described for measuring the plasma unsaturated iron-binding capacity in the presence of very high concentrations of iron as iron-dextran. The procedure utilizes 59Fe to label the apotransferrin with subsequent separation of ionic iron from transferrin-bound iron on an ion exchange or Sephadex G.25 column.
The treatment of iron-deficiency anaemia by a single intravenous infusion or injection of the total iron requirements in the form of iron-dextran is now an established technique. It has been described by several authors (Basu, 1963; Bonnar, 1965; Marchasin and Wallerstein, 1964; Dawson, Goldthorp, and Spencer, 1965) and is generally called 'total dose infusion' (TDI).
It is essential that when any iron preparation is introduced into the bloodstream in such quantities (2-3 g as Fe) no large amounts of ionic iron should be precipitated or released. There is no precipitation of iron from iron-dextran (Imferon2) over a wide pH range in plasma and none of the proteins at iron concentrations of up to 5% (Golberg, 1958) . The slow clearance over several days of iron-dextran from the bloodstream after TDI gives an indication of its stability in blood (Marchasin and Wallerstein, 1964) .
It has been shown in studies in vitro (Fielding and Smith, 1963) that at high concentrations of iron-dextran haemolysis of red blood cells can take place. They attributed this to the presence of ionic iron and calculated that around 0-3 % of the total iron was in this uncomplexed state. Using polarographic and electrophoretic techniques it has been demonstrated that atpH 5 *6, 1 to 2 %of the total iron in iron-dextran is present in the ferrous state, ' Received for publication 6 March 1968. probably as a loosely bound complex and in equilibrium, with most of the remaining iron itself bound in the ferric form (Cox, King, and Reynolds, 1965) .
Although the clinical evidence of lack of toxic effects suggested that the plasma iron-binding capacity was not saturated during TDI, it was thought that transferrin might very readily complex with the ionic iron, thus destroying this equilibrium and resulting in a reduction in the unsaturated ironbinding capacity. Using a combination of isotopic and chromatographic techniques, the changes which occur in the plasma unsaturated iron-binding capacity in the presence of large amounts of irondextran have been determined.
METHODS
Plasma iron was determined by the method of Kok and Wild (1960) with the modifications suggested by Marchasin and Wallerstein (1964) . Plasma unsaturated iron-binding capacity determinations were made by a modification of the method of Birdsall, Kok, and Wild (1965) . The general procedure was as published in that paper, but it was found necessary to remove the excess unbound 59Fe ammonium citrate which was added to the plasma sample by absorption on a small column (5 x 1 cm) of Amberlite IRA-400 resin. The transferrin bound 59Fe was eluted from the column with barbiturate buffer (pH 7 5) and the activity of the eluate (25 ml) was determined in a sodium iodide, well-type, gamma scintillation counter.
Determinations of the unsaturated iron-binding capacity were also made by the method of Barber, Dempster, and Anderson (1963) Table II .
Normal blood samples (5 ml) were taken by venepuncture from two male and two female beagle dogs. Iron-dextran was then injected intravenously (25 mg Fe/kg) and blood samples were taken at intervals after injection, as shown in Tables HI and V. The values for unsaturated iron-binding capacity were followed in pregnant women given iron-dextran TDI. The women were admitted to hospital on the morning of the infusion. The infusion lasted approximately six hours, and they were allowed to return home one hour after the termination of the infusion. Normal blood samples were taken by venepuncture before the infusion. The volume of iron-dextran to be infused, as determined by the state of iron deficiency, was diluted in a volume of 1 litre of 0 9% saline. This solution was given as a slow intravenous drip; during the first 15 minutes the infusion was limited to a rate of 15 drops/ minute. After this period, the rate was increased to 40 drops/minute. This standard precaution was taken to minimize any reaction which might occur. Blood samples were taken at intervals after the start of the infusion, as shown in Table IV .
RESULTS
The results of experiments in vitro performed on several samples of rabbit, dog, and human plasma are given in Table I . In both rabbit and dog, the mean of five different plasma samples showed a very slight increase in unsaturated iron-binding capacity after incubation with iron-dextran over the normal plasma value. The value for the rabbits rose from 170 to 187 ,ug Fe/100 ml and in the dog from 270 to 280 ,ug Fe/100 ml.
With human plasma in vitro a more definite effect on the unsaturated iron-binding capacity occurred when iron-dextran was added. In the three samples studied, there was an appreciable fall on average from 271 to 153 ,tg Fe/100 ml.
The effects of intravenous iron-dextran on the unsaturated iron-binding capacity in experiments in vivo in rabbits were variable, as shown by Table II. There was a slight rise immediately after injection of iron-dextran and, although the value fluctuated slightly over the six-hour period of study, it never deviated by any large amount from the preinjection value. Samples taken 24, 48, and 72 hours after the injection had values for unsaturated iron-binding capacity of approximately half the original normal value. Values in human patients are given in Table IV . Unlike the previous animal studies, the iron-dextran was being infused over the whole six-hour period of study and the unsaturated iron-binding capacity was consequently being studied against a gradually rising plasma iron value. The greatest variations were a fall from preinfusion values of 360 ,ug Fe/100 ml to a value of 144 ,ug Fe/100 ml and a rise from the preinfusion value of 344 ,tg Fe/100 ml to 555 ,ug Fe/100 ml during the first half of the infusion. By the end of the infusion, when approximately 2 g of iron had been given, the lowest value was 167 jig Fe/100 ml. Plasma unsaturated ironbinding capacity in human beings was not measured at 24, 48, or 72 hours as was the case in the animal studies. The six-hour period of study was the time a patient was kept in hospital for the iron-dextran infusion. Table V shows the plasma iron values after intravenous iron-dextran injections in the rabbit and dog. In both species the plasma iron values, immediately following the injection, were of the order of 45,000 jug Fe/100 ml and during the following six hours remained greater than 13,000 ,ug Fe/100 ml. The plasma iron levels in the dog had returned to near physiological values 24 hours after the injection. In the rabbit, however, at 48 hours after the injection, the plasma iron value was still 1,000 ,tg Fe/100 ml. It was not until 96 hours after the injection that physiological values were attained. Figure 1 shows the plasma iron levels over a period of 16 days after intravenous injection of iron-dextran in human subjects, dogs, and rabbits. In the human subject, the iron-dextran remained in the circulation and maintained a high plasma iron value for a much longer period than in the dog or the rabbit. It was not until 16 days after the injection that the plasma iron levels approached physiological values again.
DISCUSSION
In view of the 'ionic' iron content of iron-dextran, probably present in the ferrous state, it was possible that some saturation of the unsaturated iron-binding capacity would be found in the presence of the very high concentrations of iron in the plasma after total dose infusion. Levels of iron of between 40,000 and 50,000 ,ug per 100 ml of plasma are present immediately after an infusion. These values are approximately 400 times the physiological levels of plasma iron. The effect of free ionic iron in iron-dextran on plasma unsaturated iron-binding capacity should be most obvious in conditions in vitro, where the physiological mechanisms for the removal of iron from plasma are not available. The fact that there was very little alteration in the unsaturated ironbinding capacity in vitro is an indication both of the stability of the overall complex and the absence of significant transfer of iron.
Recent studies in vitro on the kinetics of iron binding by transferrin (Bates, Billups, and Saltman, 1967) have shown a definitive transfer of iron from a chelating agent to the metal binding sites in human transferrin. The rate of this transfer is a function of the chemical nature of the complexing agent and appears to be regulated by steric factors. The major component of iron-dextran is probably a ferric dextran complex and a similar transfer of iron to transferrin could take place. However, due to its relatively large molecular size (Ricketts, Cox, Fitzmaurice, and Moss, 1965) , in comparison with the size of the ferric chelates used in the kinetic 6 studies, it is probable that steric factors play an even more important part in limiting the transfer of iron. In a series of kinetic studies, iron-dextran was shown to transfer its iron very slowly to the iron-binding protein. There was practically no transfer of iron at equivalent concentrations (10-4 M binding equivalents of protein) and with higher concentrations of iron-dextran less than 20% of the binding sites on the transferrin were filled even after 12 days (Saltman, 1967) .
The rate of clearance of iron-dextran from the plasma shows considerable variation amongst the species investigated and most probably reflects the different efficiencies of the reticuloendothelial systems in their ability to phagocytize the irondextran. The plasma iron values remain high for several hours after an injection or infusion but in spite of this there is no evidence of saturation of the unsaturated iron-binding capacity. The dogs did show a slight fall immediately following the rapid injection of iron-dextran which might be due to the small amount of loosely bound or free ionic iron present. However, this cannot be the complete explanation as the rabbits given a similar injection showed no fall in unsaturated iron-binding capacity. In the human patients the introduction of irondextran into the plasma was much slower and any small amount of ionic iron could be cleared by the normal physiological mechanism, with no problem of saturation of the unsaturated iron-binding capacity. The results have shown that there is very little alteration in the unsaturated iron-binding capacity value after total dose infusion.
Apart from the ionic iron content, the stability of iron-dextran in plasma is critical, as any breakdown involving the release of only 0 5 % of the total iron would completely saturate the unsaturated ironbinding capacity. 
